Abstract: A vehicle dynamics model is crucial for the design of control system for an autonomous underwater vehicle (AUV). However, it is not a simple task to determine the hydrodynamic forces especially the drag coefficient involved for any particular vehicle model. This paper describes a novel approach to approximate the drag coefficient of any given vehicle shapes and sizes using fourth order regression method. The vehicle is subjected to pre-conditioning phase, where it can be done with CFD modelling or subject to simple experimental test within an open environment. In the pre-conditioning phase, the vehicle is required to navigate freely around custom test environment to obtain the drag profile in real-time. With sufficient data, using the correlation 3D graph of drag coefficient and the change in angles, the drag profile of any given shape can be determined. The accuracy of the model is based on the frequency of trial runs, as well as the efficiency of the vehicle's on-board inertial navigation sensors. In this paper, the proposed approach is being demonstrated using ANSYS-CFX and the results obtained provide close approximation to the real drag coefficient. Therefore, the proposed novel approach is promising and can be used to find the drag coefficients for any given underwater vehicle at any conditions.
INTRODUCTION
Extensive research has been done on underwater virtual world which enables complex controls and vehicle system to be developed prior to mission launch. Therefore it is required to obtain a very accurate simulation model which closely reflects the real world AUV behaviour underwater. One of the key aspects required to model the underwater behaviour of the AUV is the drag term. The drag term relates the interaction between the AUV body and the fluid surrounding it which is very robust and changes based on the vehicle dynamics as well as the environmental conditions, see Tan et. al. (2012) . There are currently two different approaches in finding drag terms 1. the experimental-based methods which uses the tow-tank setup shown by Goheen (1986 Goheen ( , 1991 , water-tunnel trials shown by Hopkin (1990) and scaled model tests shown by Yuh (2009) .
2. Computational Fluid Dynamics (CFD) based methods which uses available software packages such as ANSYS-CFX and OPENFLOW to simulate vehicle response to hydrodynamic forces.
The experimental-based methods provide an accurate model of the vehicle dynamics in response to the underwater surrounding. However, these methods require an actual physical structure in a controlled environment to be able run trials and gather required data. These could prove to be costly and also time consuming. On the contrary, CFD-based methods can be done without any physical infrastructures. Nevertheless, in order to obtain an accurate results closely mimicking the real-world scenario could prove to be time consuming and computationally costly.
This paper deals with incorporating both experimental based methods and CFD-based methods using predictive model. The proposed approach can deal with a broad scope of vehicle shapes and sizes, where the drag profiles can be obtained from any streamlined vehicle. The proposed approach can be applied to a freeswimming AUV model, or simulated model using CFD analysis if no such infrastructure is provided. The key idea is to trace the drag profile of the vehicle at all angles. The main equation which governs the drag force is:
Where is the drag coefficient; is the drag force; is the mass density of the fluid; is the speed of the object relative to the fluid; and is the characteristic area of the vehicle, or area of the orthographic projection of the vehicle on a plane perpendicular to the direction of motion. The drag profiling can be broken down into three sub-tasks:
1. The identification of vehicle characteristic area based on projected angle increments.
2. The determination of vehicle drag coefficient at afore mentioned angle increments, either using CFD software, or running a free-swimming model.
3. The construction of the 3D surface graph with 4 th order prediction method to forecast drag coefficient at any given conditions. In order to demonstrate the application of this approach, the drag profile of a common known shape, such as a cylinder is being used as a test subject. 
CHARACTERISTIC AREA DETERMINATION
There are two different approaches to obtain the characteristic area of the vehicle. The first method is to take snapshots of the vehicle at any fixed angle increment in both pitch ( ) and yaw ( ) on the global axis ( Figure 1 ). The other method is to capture the CAD assembly model of the vehicle in every possible angle based on the pre-determined incremental value, in this case, 30°, and then use image filtering method to identify the characteristic area. The characteristic area of the cylinder are then tabulated (Table 1) and to be used within (1) for each α and β angle sets. 
DRAG PROFILING AND ESTIMATION
Using the information obtained in Section 2, the three dimensional drag graph of the cylinder can be plotted out based on fixed set speeds ( Figure 3 ). It is to be noted that due to the non-streamlined body of the cylinder, sharp peeks can be seen at 0° and 180° in both α and β angles. Fourth order surface fitting is then applied to the three dimensional drag graph. The fourth order fitting method provide desirable fitting to the C D -α-β surface with low residuals (~±0.08 C D ) which enables a good estimation model to be used for simulations involving hydrodynamic forces (Figure 4) . Based on the plots in Figure 4 , it can be seen that the 4 th order regression surface fitting method give good approximation of the C D which can then be used to estimate drag Further analysis on drag force with relation to relative velocity is studied and a close fitting method of second order regression has been chosen. The relationship between drag coefficient and relative velocity has been shown in Tan et. al. (2012) with
Where L k and Q k are linear and quadratic drag coefficients respectively, while ε accounts for the modeling errors. The fit results of drag coefficients versus relative velocities; C D -V at various sets of angles has been graphed out ( Figure 5 ). The goodness of fit values, R² shown in Table 2 indicates a close approximation of fit equation with the experimental data. Table 3 indicates the overall accuracy of data between experimental values and the CFD results. Due to the simplicity of the cylinder model, the accuracy of the experimental values and the CFD data is fairly accurate (maximum error of 4.71%) even with minimal number of data points for curve fitting. However, further investigation needs to be done to determine the accuracy of more complex models within the same environment to identify the precision of C D prediction for any given conditions. 
CONCLUSION
This paper outlines the model of estimating drag coefficient at any given condition for any shapes and sizes. The proposed method covers body shapes, angle of attack and typical low speed scenario in a standard underwater AUV manoeuvre environment. Basic model of a cylinder are presented as an example in this paper to exhibit the accuracy and robustness of the proposed model. Further investigation is required to identify other fitting methods such as locally weighted smoothing regression (i.e. LOWESS and LOESS methods) to predict the drag coefficient accurately. The future work also includes extending the model to incorporate real-time AUV drag estimation with corresponding experimental data in a controlled environment. 
